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Abstract
We present two state-of-the-art models of the solar system, one corresponding to
the present day and one to the Archean Eon 3.5 billion years ago. Each model con-
tains spatial and spectral information for the star, the planets, and the interplanetary
dust, extending to 50 AU from the sun and covering the wavelength range 0.3µm to
2.5µm. In addition, we created a spectral image cube representative of the astronom-
ical backgrounds that will be seen behind deep observations of extrasolar planetary
systems, including galaxies and Milky Way stars. These models are intended as inputs
to high-fidelity simulations of direct observations of exoplanetary systems using tele-
scopes equipped with high-contrast capability. They will help improve the realism of
observation and instrument parameters that are required inputs to statistical observa-
tory yield calculations, as well as guide development of post-processing algorithms for
telescopes capable of directly imaging Earth-like planets.
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1. Introduction
Do habitable planets and life exist in the nearby universe? Scientists and the general public
alike share intense interest in this question. In recent years, the rapid pace of exoplanet discoveries
has brought the exciting goal of finding habitable planets (or “exoEarths”) and probing them for
signs of life within reach. Achieving this goal is exceedingly difficult and will likely require high-
contrast direct imaging and spectroscopy of terrestrial planet atmospheres, at least for Earth-like
planets around Sun-like stars (e.g. Des Marais et al. 2002; Kaltenegger & Traub 2009). The great
technical challenge is the need to tremendously suppress the light of the central star, while still
allowing light from planets to be detected at small angular separations from the star. Several
designs for space telescopes with these capabilities are in development (e.g. LUVOIR1, HabEx2,
and Exo-S3). However, these efforts are hampered by uncertainties and unknowns about the target
systems, including the fraction of stars with terrestrial planets in their habitable zones (η⊕) and
the characteristics of the interplanetary dust in the systems. NASA’s Kepler mission has provided
constraints on η⊕ (e.g. Burke et al. 2015), while a new survey with the Large Binocular Telescope
Interferometer (LBTI) should provide the needed information on typical dust levels within the next
several years (Hinz et al. 2016).
Efforts to develop instrument and telescope designs are also hampered by overly simplistic
simulations of the data to be acquired. Assessments of total mission science yields require statistical
approaches founded on analytic formulae, due to the large number of astrophysical unknowns (e.g.
Savransky et al. 2010; Stark et al. 2014). However, those statistical calculations also demand a
large number of observational input assumptions (e.g. required S/N and spectral resolution values,
contrast post-processing gains, and observational strategies). In most cases, these assumptions can
and should be placed on a far more solid theoretical footing.
In particular, the impact of interplanetary dust within the target system, otherwise known as
exozodiacal dust, on our ability to retrieve point source photometry has not been fully evaluated. A
discussion of this problem and prospects for learning more about dust around nearby stars appears
in Roberge et al. (2012). Several attempts have been made to assess exozodical dust impacts on
exoplanet direct imaging observations, using approximate statistical methods (e.g. Savransky et al.
2009; Stark et al. 2014) or analytic prescriptions for the dust spatial structure (e.g. Noecker &
Kuchner 2010). To date, no analysis has fully captured the realistic physical characteristics of
exozodiacal dust (e.g. spatial structure, scattered light albedo) and attempted spectral extraction
of planets in simulated high-contrast observations.
Furthermore, the problem of confusion between exoplanets and unresolved galactic and extra-
1http://asd.gsfc.nasa.gov/luvoir/
2http://www.jpl.nasa.gov/habex/
3http://exep.jpl.nasa.gov/stdt/
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galactic background sources (i.e. stars and galaxies) has not been fully simulated and analyzed. The
Earth has an apparent magnitude of mV ≈ 30 (e.g. Turnbull et al. 2012) at 10 pc. For comparison,
the Hubble Ultra Deep Field (HUDF) has a limiting magnitude of mAB ∼ 29 for point-sources
(Beckwith et al. 2006). So for high galactic latitude sight lines, an image deep enough to detect the
Earth at 10 pc will be superimposed on a small portion of an HUDF-like field. For other sight lines,
interstellar material in the galactic plane will extinct background galaxies but a greater number of
galactic background stars will be present.
To properly prepare for future exoEarth observations, we must better define the challenge,
using the knowledge gained through decades of planetary and astronomical studies. Here we de-
scribe our work to create detailed models of our whole planetary system at two different epochs
in its history: the modern solar system, which covers a period from 2.5 Gyr ago to the present
day; and the Archean solar system, which covers a period between 3.5 and 2.5 Gyr ago. These two
epochs are important because together they cover a large fraction of our solar system’s estimated
4.5 Gyr lifetime, as well as almost the entirety of the period during which life has been present
on the Earth. The modern solar system is a key benchmark since modern Earth is the linchpin
of astronomers’ definition of the stellar habitable zone (e.g Kopparapu et al. 2013). The Archean
Earth represents our only other example of a planet where we know life was thriving. However,
its atmosphere was devoid of the canonical oxygen biosignatures that are today’s markers for the
presence of life. Detecting the atmospheric features of anoxic worlds like the Archean Earth is thus
an important exercise for future missions, as exoEarths could be observed at different times in their
evolution.
Our high-fidelity models incorporate the current best knowledge of all major parts of the solar
system: star, planets, and interplanetary dust. One unique aspect is that the 2D spatial models
also carry spectral information for every component, allowing accurate simulations of multi-color
imaging and planet spectroscopy. Another is that a modeled field of galactic and extragalactic
sources, representative of the background scenes behind high galactic latitude target systems, has
also been created. This will enable the first rigorous tests of confusion problems in very high
contrast direct exoplanet imaging. Our spatial/spectral models are complementary to statistical
exoplanet yield analyses, as they will help refine the observational parameters and strategies needed
to achieve various science goals.
Section 2 briefly outlines the structure of the models, which are spectral image cubes. Details
about the star and planet spectra appear in Section 3. The 3D density models of interplanetary
dust structures are discussed in Section 4, as well as our assumptions about the dust properties
required to turn those structures into surface brightness maps. Section 5 explains how the spectral
image cube containing the background sources was created. Finally, in Section 6, we discuss use of
the “Haystacks” modern solar system model to create a simulated observation with a high-contrast
instrument concept. The solar system and background source spectral image cubes are publicly
– 4 –
available4; we encourage their use in other data simulations.
2. Overview of Model Content and Structure
The solar system models consist of 3D datacubes, each slice representing the 2D flux density
map at a different wavelength. Each cube is assembled from several individual components com-
puted separately: 1) a Sun spectrum in the central spatial pixel; 2) planet spectra represented as
single-pixel point sources at the appropriate locations (Section 3); 3) an inner solar system dust
brightness distribution (Section 4.1); 4) an outer solar system dust brightness distribution (Sec-
tion 4.2). The planets’ locations are calculated from the planets’ orbital elements, the epoch of
observation, and the viewing inclination (the epoch and inclination can be easily varied). The
dust distributions are consistent with the planetary architecture (the planet masses and orbital
elements) and the chosen viewing inclination.
The pixel values in all image slices are spectral flux densities in units of Jy. A constant
background from local zodiacal dust is added to each spectral image cube, corresponding to 23
mag/arcsec2 in V-band (2.421× 10−6 Jy/arcsec2). This represents an approximate mean value of
the local zodiacal dust surface brightness for various viewing geometries (Stark et al. 2014). The
wavelength dependence for the local zodiacal light is identical to that used for the extrasolar system
inner dust cloud at 1 AU from the star (see Section 4.1).
The field-of-view (FOV) of each planetary system cube is 100 AU × 100 AU (router = 50 AU),
with 0.03 AU× 0.03 AU pixels. We generate the cubes assuming a distance to the system of 10 pc
(10 arcsec × 10 arcsec FOV; 3 mas × 3 mas pixels); the cubes can easily be scaled to other distances.
We choose the image sampling such that there are ∼ 2 pixels per spatial resolution element (Nyquist
sampling) at 0.27µm for a 9-m diameter telescope. For a 15-m diameter telescope, the cubes
Nyquist sample the telescope point-spread function (PSF) at a wavelength of 0.45µm. At longer
wavelengths, the cubes oversample the PSFs. The spatial sampling of the cubes is sufficient for
simulations of high-contrast observations with large aperture telescopes, such as the two LUVOIR
observatories currently under study (15-m and 9-m diameter telescopes; Bolcar et al. 2017). Mission
concepts with smaller telescopes (such as HabEx; Mennesson et al. 2016) can easily bin the cubes
down to their desired spatial resolution. Table 2 shows the PSF sizes for various telescopes and the
wavelength at which our cubes Nyquist sample the PSFs.
In the wavelength dimension, the cubes cover a broad bandpass from 0.3µm to 2.5µm at a
spectral resolution R = 300. This resolution is about twice that needed for optimal detection of
narrow atmospheric absorption features like the important O2 A-band at 0.76µm (R ≈ 150; Brandt
& Spiegel 2014). To keep the size of each cube file manageable, we divided the total spectral range
into 10 smaller cubes with ∼20% fractional bandwidth. The spectral resolution was set to R = 300
4Download from http://asd.gsfc.nasa.gov/projects/haystacks/haystacks.html
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WFIRST HabEx HabEx LUVOIR HDST LUVOIR
2.4-m 4-m 6.5-m 9-m 12-m 15-m
PSF (λ/D) at 0.3µm (mas) 25.8 15.5 9.5 6.9 5.2 4.1
Solar system cubes, critical wave-
length (µm)
0.072 0.120 0.195 0.270 0.360 0.450
Galaxy cubes, critical wavelength
(µm)
0.240 0.400 0.650 0.900 1.20 1.50
Table 1: Spatial sampling of telescope PSFs with Haystacks cubes. The critical wavelength is
the wavelength at which the telescope PSF has two cube pixels per full-width at half maximum
(Nyquist sampling).
at the central wavelength of each cube, and we adopted even wavelength spacing across the band.
Models for three viewing inclinations were constructed: 0◦ (face-on), 60◦, and 90◦ (edge-on). Other
system inclinations or epochs can be provided on request. A representative image slice from our
modern solar system cube is shown in Figure 1.
The spectral image cubes containing background galaxies have a FOV of 12 arcsec × 36 arcsec,
larger than that of the solar system cubes (10 arcsec × 10 arcsec, so that they may be superimposed
on different parts of the galaxy field. The spatial resolution of the galaxy field is lower than that
of the system cubes, for reasons explained in Section 5.1. Therefore, the galaxy cubes have 10 mas
× 10 mas pixels. The background galaxy cubes are provided as separate files, so that they may be
added to the planetary system cubes or not. We provide tools to spatially resample the size of the
background pixels to match the pixel size of the system cubes if needed (note that this will not
increase the actual spatial resolution of the galaxy field).
All cubes are provided in FITS format; each cube’s header, as well as several additional FITS
extensions, contain all of the information used to generate and combine the various cube ele-
ments. Each slice is contained in a different FITS extension to give the user maximum flexibility
in computer memory management. The codes to generate Haystacks cubes are publicly available4.
However, computation of a consistent dust density structure given a multi-body planetary archi-
tecture requires separate, computationally-intensive codes (e.g. Kuchner & Stark 2010). Therefore,
we encourage users who desire new Haystacks models with different planetary architectures and
self-consistent dust distributions to contact the authors.
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Fig. 1.— True color image generated from our high-fidelity model of the face-on modern solar
system. The left panel shows the entire field of view, while the inset panel zooms in on the inner
system. For ease of viewing, the Sun and background sources were not included. The bright region
at the center of the image is emission from exozodiacal dust. The planets occupy single pixels
and are not readily apparent in the larger image without zooming in. The partial ring in the
outer dust structure is caused by the dynamical influence of Neptune. The colors were calculated
using ColorPy (http://markkness.net/colorpy/ColorPy.html), which convolves the CIE 1931
empirically-based spectral response function of the human eye with the input spectrum in each
pixel. Intensities were preserved in the full image, such that pixels can saturate in each color
channel until turning white. In the inset panel, each planet was independently scaled to prevent
saturation and preserve color.
3. Sun and Planet Spectra
We initiated the process of building the solar system models using a Kurucz model for the
solar spectrum5 (original spectral resolution R = 1000). We used a combination of modeled and
observed spectra to populate the planetary contribution to the spectral image cubes. The planets
included are Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. The planet flux densities
were calculated from geometric albedo spectra using the appropriate phase angle given each planet’s
orbital position and assuming a Lambertian scattering phase function.
5http://kurucz.harvard.edu/stars/sun/fsunallp.1000resam251
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3.1. Terrestrial Planets
Geometric albedo spectra for the terrestrial planets (Venus, Earth, Mars) were created from
reflectance models provided by the Virtual Planet Laboratory6, generated using the Spectral Map-
ping Atmospheric Radiative Transfer (SMART) model (Meadows & Crisp 1996; Crisp 1997). The
spectrum of the modern Earth is an equatorial view averaged over the 24-hour rotation period and
verified with observations made during the EPOXI Earth flyby (Robinson et al. 2011). This is
an acceptable generalization for other viewing geometries, as Cowan et al. (2011) found that the
spectral colors of Earth for a pole-on observation are similar to those of an equatorial view. The
primary difference is a 20 - 30% higher apparent albedo in the pole-on case due to the greater pro-
portion of ice-covered surface. Thus, by using only the equatorial spectrum, the model represents
a lower limit on modern Earth’s apparent brightness in reflected light.
The Archean Venus, Earth, and Mars spectra were also created using the SMART model.
Whether early Venus was ever habitable is debated (Hamano et al. 2013). However, Venus’s high
present-day atmospheric D/H ratio suggests that it may have hosted a liquid water ocean when
the Sun was fainter (Donahue & Hodges 1992). The hypothetical early Venus spectrum we used
assumed an Archean Earth-like atmospheric composition with biogenic gases removed and 100%
water cloud coverage; the bright albedo from clouds may be necessary to ensure low enough tem-
peratures to avoid a runaway greenhouse effect on early Venus (Way et al. 2016). For Mars, we
generated an Amazonian Period (starting 3 billion years ago) spectrum using an atmosphere model
from Smith et al. (2014). This version of Mars assumes an atmospheric composition similar to the
modern planet but perturbed by low levels of volcanism.
The Archean Earth atmosphere was self-consistently simulated using a 1-D coupled photochemical-
climate model that includes microphysics for fractal hydrocarbon haze (Arney et al. 2016). The
photochemical portion is based on the model used in Zerkle et al. (2012) to simulate hazes on early
Earth, and the climate portion is based on the model used in Kopparapu et al. (2013) to calculate
habitable zones around different types of stars. We assumed a 1 bar atmosphere with 0.018 bars
(50 times the present atmospheric level) of CO2, in accordance with the CO2 paleosol constraints
of Driese et al. (2011). We adopted a CH4/CO2 ratio of 0.2, which is high enough to cause the
formation of an organic haze, which laboratory, geochemical, and theoretical studies suggest existed
during parts of the Archean (e.g. Trainer et al. 2006; Izon et al. 2015; Domagal-Goldman et al.
2008). The Archean spectrum also included water clouds constructed as a weighted average of
50% haze only, 25% cirrus clouds and haze, and 25% stratocumulus clouds and haze (Robinson
et al. 2011). The inclusion of organic haze on Archean Earth allows analysis of an inhabited planet
radically different from modern Earth.
6http://depts.washington.edu/naivpl/content/welcome-virtual-planetary-laboratory
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3.2. Giant Planets
The Archean Eon is about 1 Gyr after the epoch of planet formation, when the thermal
evolution of the giant planets was largely complete (Fortney et al. 2010). Therefore, we used spectra
of modern Jupiter, Saturn, Uranus, and Neptune for both epochs. We decided to use observations
instead of models, since the various giant planet model spectra we examined did a poor job fitting
the depths of atmospheric absorption lines in observed spectra, likely due to inaccurate cloud or
haze prescriptions. For all the giant planets, we used observed albedo spectra from Karkoschka
(1998) to cover the 0.3µm to 0.9µm wavelength range. We adopted the full-disk albedo for Jupiter
at 6.8◦ phase angle and Saturn at 5.7◦ phase angle as the geometric albedo (full-disk albedo at 0◦
phase angle) for these planets. For Uranus and Neptune, Karkoschka (1998) provided geometric
albedo spectra.
To cover the 0.9µm to 2.5µm range for all the giant planets, we used observations obtained
with the SpeX instrument on the NASA Infrared Telescope Facility7 (Rayner et al. 2009). The
observed flux densities were divided by the Sun spectrum to create reflectance spectra, then scaled
to match the Karkoschka (1998) albedo spectra in the wavelength region where the two datasets
overlapped, resulting in approximate geometric albedo spectra. A 0.06µm gap in wavelength
coverage between the H and K bands (near 1.85µm) in the IRTF spectra was patched with model
giant planet spectra from Burrows et al. (2004); the detailed spectral shape in this region should
be treated with caution. Various spectra for the seven modern solar system planets are shown in
Figures 2, 3, and 4. The geometric albedo spectra for the inner planets of Archean solar system
are shown in Figure 5.
4. Interplanetary Dust Structure and Spectrum
In this section, we describe construction and assembly of the exozodiacal dust scattered light
distributions. The dust component affects high-contrast observations of planets by adding photon
noise, while the dust spatial structure can affect identification and extraction of point sources.
While both effects make it more difficult to detect point source planets, the dust spatial structure
itself can indicate the presence of planets too faint to be directly detected (e.g. Kuchner & Holman
2003). The two models that we present have amounts of exozodiacal dust equal to that of the
modern solar system and that expected for the Archean solar system. Should other values be of
interest, we find that scaling the dust brightnesses by a factor of ∼ 10 does not significantly impact
the spatial distribution of the emission (C. Stark, personal communication). For higher exozodiacal
dust levels, we are able to construct new density maps upon request.
7http://irtfweb.ifa.hawaii.edu/~spex/IRTF_Spectral_Library/index_files/Planets.html
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Fig. 2.— Geometric albedo spectra of the seven planets included in the Haystacks modern solar
system model. The spectra of Venus, Earth, and Mars are from models, while the spectra of Jupiter,
Saturn, Uranus, and Neptune are from ground-based observations.
4.1. Inner Dust Cloud: Zodiacal Dust
We simulated emission from the inner interplanetary dust using the ZODIPIC tool (Kuchner
2012), which uses the Kelsall et al. (1998) model to make images of the solar zodiacal cloud.
Kelsall et al. (1998) fit an empirical model to detailed maps of the infrared sky at 10 wavelengths
from 1.25µm to 240µm from the Diffuse Infrared Background Experiment (DIRBE) aboard the
Cosmic Background Explorer satellite. They found four main components in the zodiacal cloud
structure: the smooth dust cloud, the dust bands, Earth’s resonant dust ring, and the Earth-trailing
dust clump. ZODIPIC evaluates the Kelsall et al. (1998) model (hereafter the K98 model) and
calculates the flux density contributions from both scattered light and thermal emission.
The scattered and emitted flux densities produced by ZODIPIC differ slightly from the those
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Fig. 3.— Reflectance spectra of the seven planets included in the Haystacks modern solar sys-
tem model (planet spectral flux density/Sun spectral flux density). All spectra plotted here were
calculated for a phase angle of 90◦ (i.e. quadrature).
of the K98 model. Kelsall et al. (1998) calculated the dust grain emissivity, assumed to be uniform
throughout the zodiacal cloud, at 8 discrete wavelengths from 3.5µm to 240µm. ZODIPIC, which
is designed to calculate the zodiacal cloud flux at any wavelength, uses an analytic fit to these
emissivities. Additionally, Kelsall et al. (1998) determined the albedo for each component of the
zodiacal cloud separately, while ZODIPIC uses only the albedo of the smooth component and applies
it to the dust bands, ring, and clump. These minor differences do not significantly impact the total
zodiacal cloud flux, but do underestimate the flux of the bands and the ring by a factor of ∼ 2 at λ &
25µm (outside the bandpass of the Haystacks models). Additionally, ZODIPIC uses a wavelength-
independent albedo chosen so that the polar sky brightness at V band is ∼23 mag/arcsec2 at an
ecliptic latitude of 15◦ (Cox 2000).
Because the DIRBE data did not include wavelengths shorter than 1.25µm, ZODIPIC further
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Fig. 4.— Absolute spectral flux densities of the seven planets included in the Haystacks modern
solar system model, along with the Sun spectrum in the upper panel. The solar system was placed
at a distance of 10 pc. The planet spectra plotted here were calculated for a phase angle of 90◦
(i.e. quadrature).
modifies the K98 model in the scattered light regime. It combines the 3D dust grain cross sectional
density function from the K98 model with an analytic scattering phase function (SPF) to calculate
the scattered light. For all our models, we choose to approximate the dust disk’s SPF as a single
Henyey Greenstein function with an asymmetry parameter appropriate for moderately forward-
scattering grains (g = 0.17), as measured for Saturn’s rings over a modest range of viewing angles
(Hedman & Stark 2015). This asymmetry parameter is within the range of values measured for
debris disks (e.g Schneider et al. 2009). As mentioned in Hedman & Stark (2015), more complex
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Fig. 5.— Modeled geometric albedo spectra of the three terrestrial planets included in the Haystacks
Archean solar system model.
SPFs are preferred to accurately estimate surface brightnesses for dust disks with inclinations close
to edge-on. Our code can be adapted to model different SPFs upon request.
Most of the flux from the inner dust cloud comes from the central region, which has a size scale
orders of magnitude smaller than the cloud’s outer radius; therefore, ZODIPIC uses a simple mesh
refinement scheme with logarithmic radial intervals. This allows ZODIPIC to synthesize images of
the structure of the inner dust cloud while correctly calculating the total flux to an accuracy of
∼ 1% or better. The inner radius of the dust model is set to the dust sublimation radius, assuming
a dust sublimation temperature of 1500 K. ZODIPIC calculates the sublimation radius using the
K98 model temperature law, T (R) = T0 (R/1 AU)
−δ. With T0 = 286 K and δ = 0.467 for the Sun,
a dust sublimation temperature of 1500 K corresponds to an inner radius of 0.03 AU.
The outer radius of the inner dust structure was set to 10 AU. The K98 model is only valid out
to 3.28 AU (the location of Jupiter’s 2:1 mean motion resonance), due to a lack of data to constrain
the dust structure at larger distances. In the face of our current uncertainty about the solar system
dust between 3.28 AU and 10 AU (the inner edge of the outer dust model described below), we
choose to simply extrapolate the K98 model to cover this region. We set ZODIPIC to include the
K98 models of Earth’s resonant ring and trailing dust clump, as well as three asteroidal dust bands.
The face-on optical depth of the cloud is set to the K98 model value of 7.11× 10−8(r/1 AU)−0.34.
4.2. Outer Dust Cloud: Kuiper Belt Dust
Observations of the Kuiper Belt dust cloud are limited to estimates of the overall density from
dust counting instruments on board missions like Pioneer 10, Pioneer 11, and New Horizons. We
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must therefore rely on dynamical models of the Kuiper Belt dust cloud to determine its brightness
and structure. We used the 3D models of Kuchner & Stark (2010), hereafter referred to as KS10,
which self-consistently include the effects of resonant dynamical perturbations by planets and grain-
grain collisions, both of which have a significant impact on the morphology of the Kuiper Belt dust
cloud. A detailed description of these models appears in KS10; here we provide a brief summary.
KS10 modeled the Kuiper Belt dust cloud by numerically integrating the equations of motion
for 75 000 test particles subject to gravity from the Sun, Jupiter, Saturn, Uranus, and Neptune, plus
the forces of radiation pressure, Poynting-Robertson drag, and solar wind drag. KS10 assumed the
dust originated from three populations of Kuiper Belt Objects (KBOs): dynamically hot KBOs,
dynamically cold KBOs, and plutinos. The dust production rate of each KBO population was set
proportional to that population’s estimated mass, such that hot KBOs produced 79.7% of all dust,
cold KBOs produced 16.3%, and plutinos produced 4%.
In the KS10 modeling, particles migrated inward due to drag forces after ejection from the
source bodies. Neptune trapped many of these particles into exterior mean motion resonances
(MMRs), creating a clumpy resonant ring structure that rotates with the planet. Saturn also
trapped particles into exterior MMRs, but because KS10 recorded the particle positions in the
frame co-rotating with Neptune, Saturn’s resonant ring structure is azimuthally smoothed and
only Neptune’s resonant ring structure is resolved in these models. Particles were removed from
the integration once they reached a semi-major axis a < 2.5 AU, but the vast majority of particles
were ejected by Jupiter and Saturn prior to reaching this distance, creating a natural inner edge to
the Kuiper belt dust cloud at ∼ 10 AU. Particles with a > 300 AU were also removed; the models
of KS10 are only valid out to a circumstellar distance of ∼ 100 AU.
The KS10 modeling included 25 values for the ratio of the force due to radiation pressure to
the force due to the Sun’s gravity, ranging from β ∼ 0.0005 to β ∼ 0.5. Assuming spherical icy
grains with a radiation pressure coefficient QPR = 1 and a grain density ρ = 1 g cm
−3, the range
of β values corresponds to grain sizes ranging from ∼ 1 to ∼ 1200µm. KS10 assumed that the
size distribution of dust at the time of production followed a Dohnanyi size distribution, which is
appropriate for bodies in a collisional cascade (Dohnanyi 1969). KS10 then applied the collisional
grooming algorithm in Stark & Kuchner (2009) to account for the collisional destruction of grains
via grain-grain collisions. The collisional grooming algorithm self-consistently calculated the size
distribution at all points within the disk, producing a final grain size distribution that differed from
a Dohnanyi distribution.
Using the collisional grooming algorithm, KS10 produced 4 models of the Kuiper Belt dust
cloud: one with a maximum geometric optical depth ∼ 10−7 (consistent with the observations
of Pioneer 10 and 11 ) and 3 denser models with maximum optical depths ∼ 10−6, ∼ 10−5, and
∼ 10−4. As shown by Figure 8 in KS10, models with optical depths ≤ 10−6 feature a prominant
clumpy resonant ring structure created by Neptune and a minor resonant ring created by Saturn
(though it is not resolved by the model). Grain-grain collisions smooth these structures, such that
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models with optical depths ≥ 10−5 take on the appearance of an azimuthally symmetric ring of
dust at the location of the parent bodies.
To synthesize images of the KS10 Kuiper Belt dust cloud density models, we used the publicly
available dustmap8 radiative transfer package (Stark 2011). The dustmap code takes a set of 3D
positions of dust particles, illuminates them with starlight, and synthesizes an image including
scattered light and thermal emission. The user defines the distance and orientation of the system,
the stellar parameters, imaging parameters (spatial resolution, FOV, wavelengths), dust grain sizes,
and the scattering phase function. As for the inner solar system dust, we assume that the latter
is a Henyey Greenstein scattering phase function with an asymmetry parameter g = 0.17 (see
Section 4.1). The user must also provide dustmap with optical constants for the dust as a function
of size, or identify the grain composition to adopt optical constants calculated within the code using
Mie Theory. We used the latter option and assumed grains composed of pure water ice. Such grains
have relatively high albedos compared to grains of other compositions, and the surface brightness
of our Kuiper Belt dust represents an upper limit.
4.3. Scaling the Dust for the Archean Solar System
Spitzer Space Telescope observations of mid-infrared thermal emission from debris disks around
early-type stars show declining dust levels with increasing system age (Rieke et al. 2005). The levels
decline as t0/t, with t0 ∼ 150 Myr. Using this functional form, the solar system’s interplanetary
dust 3 Gyr ago was likely about 3 times brighter than it is now. This modest increase in brightness
implies that the dust levels at that time were not high enough to significantly modify resonant dust
structures through grain-grain collisions. Major modifications of the planets’ orbital parameters,
such as those described in the Nice Model, were complete by the time of the Archean Eon (Gomes
et al. 2005). Therefore, we used the modern solar system interplanetary dust structure for the
Archean solar system as well, simply scaling all dust brightnesses by a factor of 3.
5. Background Sources
Observations of an exoplanet system will be superimposed on a background field of spatially re-
solved and unresolved extragalactic and Milky Way sources that have a variety of spectra. Strategies
for minimizing confusion between point source planets and background sources need to be tested,
with the goals of improving observing efficiency and guiding instrument design. Such strategies
include obtaining broadband colors or low resolution spectra, or observing the planetary system
at multiple epochs to confirm that a point source is orbiting the target star. To aid simulation
and analysis of confusion mitigation strategies, we developed spectral image cubes containing ex-
8Download from http://www.starkspace.com/code/
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tragalactic and galactic background sources separately, which can be combined with a solar system
model. The background cubes have a larger FOV than the planetary system cubes, allowing a user
to simulate the effects of proper motion by shifting the background scene.
5.1. Extragalactic Background
Creating spectral image cubes containing extragalactic background sources at the relatively
high spatial and spectral resolution of the solar system cubes – a “synthetic Ultra Deep Field”
(sUDF) – was challenging. We started from synthetic galaxy images in five bands, specifically
HST/ACS F606W, F775W, and F850LP, and HST/WFC3 F125W and F160W. They were gener-
ated by matching the luminosities and redshifts of galaxies produced in cosmological simulations
to the observed population and adopting an empirical extrapolation for lower luminosities (Moody
et al. 2014; Snyder et al. 2015). The sUDF FOV is 12 arcsec × 36 arcsec, about four times larger
than the solar system cube.
To achieve sufficiently high spatial resolution in the sUDF, galaxies were created by applying
the SUNRISE radiative transfer code (Jonsson 2006) to hydro-ART galaxy formation simulations
from Ceverino et al. (2014). These high resolution postage stamps were pieced into the larger
images. Generating the postage stamps was a computationally intensive process, and it was not
feasible to create images at the very high spatial resolution of the solar system cubes. Therefore,
the sUDF has larger pixels (10 mas × 10 mas pixels) than the solar system cubes (3 mas × 3 mas
pixels). The background galaxy fields will undersample the PSF at shorter wavelengths for large
telescope diameters (see Table 2). Small structures in the galaxy fields that should be spatially
resolved may not be for larger telescopes/shorter wavelengths.
We then matched the colors of each sUDF pixel to UV-Vis-IR galaxy spectra from Brown et al.
(2014), which were shifted to redshifts between 0 and 5. The redshifted spectrum whose colors most
closely matched the sUDF pixel colors was used to set the spectrum for that pixel, allowing us to
produce R = 300 spectral image cubes. The Milky Way dust extinction was determined for the
adopted galactic coordinates of the field (b = 10◦, l = 0◦), using the reddening maps of Schlegel
et al. (1998). Extinctions for the five filter bands were calculated using the RV = 3.1 coefficients
from Schlafly & Finkbeiner (2011). We interpolated between the bands to generate extinction
coefficients at the appropriate wavelengths and applied them to the sUDF spectral image cubes.
Figure 6 shows the modern solar system overlaid on a background field containing both galaxies
and Milky Way stars.
5.2. Milky Way Stellar Background
The density of background stars in the field of view will depend on the galactic latitude and
longitude of the target star. Observations too close to the galactic plane run the risk of significant
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Fig. 6.— True-color image of the modern solar system at 10 pc overlaid on a field of background
extragalactic sources and Milky Way stars. The field of view is 10 arcsec × 10 arcsec. The planets
and stars occupy single pixels and are not readily apparent without zooming in on the image. The
figure shows the solar system as it might appear situated at b = 10◦ and l = 0◦. Note that not all
galaxies and stars included in the background field are visible at the resolution and dynamic range
of this image.
numbers of reddened background stars that form a possible source of confusion with point source
planets. The TRILEGAL (TRIdimensional modeL of thE GALaxy) stellar population synthesis
code (Groenewegen et al. 2002; Girardi et al. 2005; Girardi & Marigo 2007; Vanhollebeke et al.
2009) was used to generate a database of stars as faint as mI = 32 for a 0.1 square-degree patch
of sky at b = 10◦ and l = 0◦. Stellar populations from the galaxy’s thin disk, thick disk, halo, and
galactic bulge were included, as well as extinction by an exponential galactic dust layer.
The number of stars needed to populate the background cubes was determined from the frac-
tional area of the background FOV (12 arcsec × 36 arcsec) relative to the 0.1 square-degree star
list. That number of stars was randomly selected from the larger list and each placed at a random
location in a stars-only field. A spectrum for each star was assigned based on the closest spectral
match in the Pickles Atlas (Pickles 1998), scaled to the TRILEGAL brightness and interpolated
onto to the Haystacks wavelength grid. For white dwarf stars, which are included in TRILEGAL,
we used spectra from the Sloan Digital Sky Survey (SDSS) spectral cross-correlation templates
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(Abazajian et al. 2009). These SDSS templates only cover wavelengths between about 0.4µm and
0.9µm, so the best-fitting blackbody curves were used to extend the templates to longer and shorter
wavelengths.
The probability of finding a background star in the stellar habitable zone increases towards
smaller galactic latitudes and for galactic longitudes closer to the center of the Milky Way. Using
the optimistic habitable zone boundaries for a Sun-twin star (0.75 AU − 1.76 AU; Kopparapu et al.
2013) and a face-on solar system analog viewed at a distance of 10 pc, we calculated the probability
of finding a background star in the habitable zone. For the worst case scenario of galactic longitude
l = 0◦, we find there is a > 10% chance for observations within b ≈ 7◦ of the galactic plane.
6. Simulated High-Contrast Observations
The Haystacks cubes can be used to produce visually appealing images showcasing the per-
formance of high-contrast instruments, as well as high-fidelity simulations of realistic observing
scenarios. Detailed discussions of high-contrast instrument models and post-processing techniques
are deferred to a subsequent paper. Here we provide one example in which the Haystacks modern
solar system cube was used to illustrate the performance of a hypothetical Apodized Pupil Lyot
Coronagraph (N’Diaye et al. 2016) with the 12-m telescope described in the HDST report9. The
main features of this coronagraph design are an inner working angle (IWA) of 4 λ/D, an outer
working angle (OWA) of 30 λ/D, throughput of 18 %, and increased robustness to low-order wave
front aberrations due to the relative sizes of the focal plane mask and the PSF core (N’Diaye et al.
2015).
Since we were interested in creating multi-color broadband images, we integrated the fluxes
of the solar system spectral image cubes over three 10 % bandpasses centered around 0.4, 0.5 and
0.6 µm (the bandpasses of the coronagraph design reported in N’Diaye et al. 2015). The solar
system images were rescaled (both spatially and in flux) to place the star at a distance of 13.5 pc,
so that Venus was just outside of the coronagraph’s IWA and Jupiter within the OWA. At this
distance, the Earth appeared at 7.2, 8.6, 10.8 λ/D for 0.5, 0.5, 0.6µm, respectively.
We began the simulation by calculating the intensity response of the coronagraph at each
discrete point in the Haystacks scene. For each pixel in the scene, we introduced a tilt commensurate
with off-axis pixel location in the plane of the coronagraph apodizer and then propagated the
N’Diaye et al. (2016) design through the semi-analytical propagator presented in Soummer et al.
(2007). At each position, we took the intensity of the complex electromagnetic field in the plane
of the science detector, weighted it by the broadband solar system model flux in this pixel, and
added this contribution to the field of unsuppressed starlight over the entire coronagraph FOV. To
minimize computation time, we limited the solar system FOV to an area a slightly larger than the
9http://www.hdstvision.org/report/
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Fig. 7.— RGB image showing the modern solar system at a distance of 13.5 pc imaged with
an Apodized Pupil Lyot Coronagraph on the 12-m HDST. No background galaxies or stars were
included. Ideal PSF subtraction has been assumed. The Earth with its blue color is easily detected.
The color of Venus is biased towards the blue because that planet lies inside the inner working angle
in the reddest exposure. Mars is undetectable. The image employs a linear brightness stretch to
the outer working angle and a logarithmic stretch beyond that (where the purple-colored ring of
unsuppressed starlight begins).
coronagraph field of view (e.g. 70 λ/D).
In the resulting “raw” image, Earth, Venus, and Mars are hard to distinguish from the diffrac-
tive structures associated with the on-axis stellar PSF, but Jupiter is detected a high SNR. We then
simulated a mock post-processing sequence by assuming that we observed a reference star of similar
spectral type as the source at the center of the Haystacks scene, but devoid of circumstellar dust
or exoplanets. For this preliminary simulation, we worked under the very optimistic assumption
that there were no wavefront drifts between the target and the reference star, which would require
sub-picometer stability of the whole optical system. The actual photon counts for both the target
and reference stars were calculated assuming a 50% optical throughput (including reflection losses
and detector quantum efficiency) in addition to the coronagraph throughput. We further assumed
an exposure time of 40 h, which is similar to the time needed to characterize an exoEarth candidate
with such a telescope (Stark et al. 2015). We subtracted the simulated reference image from the
science image, resulting in the high-contrast image shown in Figure 7.
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7. Conclusion
In the coming years, telescopes that can directly image a variety of exoplanetary systems with
potentially habitable planets will become available. Future observatory designs are currently under
development, and tools that can provide realistic analyses of how these observatories might perform
are needed to constrain design requirements. To that end, the Haystacks models were developed
to provide comprehensive and realistic inputs for predicting the appearance of extrasolar planetary
systems. We constructed realistic spectral image cubes representing the solar system at two epochs
(the modern era and the Archean Eon) for use in high-fidelity simulations of high-contrast imaging
and spectroscopic observations. For the foreseeable future, the solar system will remain the best
understood planetary system and therefore provides a valuable archetype for studying the properties
of systems elsewhere.
The solar system models were constructed with a spatial scale of 0.03 AU and span a wavelength
range from 0.3 to 2.5µm, matching the characteristics of high-contrast instruments on future large
space telescopes. The fluxes from the star, the planets, and the interplanetary dust distribution are
all self-consistently represented. Models at three different viewing inclinations (0◦, 60◦, and 90◦)
are available for download. A realistic background source cube was also constructed, and can be
used to simulate confusion between point-source planets and background stars and galaxies.
A Haystack model was used to create a high-contrast imaging simulation for the HDST study.
The solar system spectral image cubes could be used to simulate observations with the LUVOIR
and HabEx mission concepts currently under study. By “observing” our solar system as an exo-
planetary system, we can inform the designs of these future observatories. The scenes produced
using Haystacks input models will allow us to test how challenging it will be to “find the needles
in the Haystacks” and optimize future studies of planets across interstellar distances.
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